The overall computational effort involved 39 Ma,ns (Million atoms × ns) of simulation (see text). All simulations but one (sim6a) were performed using the particle mesh Ewald method for the computation of long-range electrostatic interactions. Structures are labeled with the corresponding PDB code where applicable, and with MOD for modeled structures. S denotes structures solvated in water and V denotes vacuum simulations; EQ, PCV, and PCF denote equilibration, constant velocity, and constant-force SMD simulations, respectively. Ensembles are denoted according to the thermodynamic quantity held constant (N, number of particles; p, pressure; T, temperature; V, volume; E, energy). Results of vacuum simulations are discussed in the Supplemental Data. a The structure simulated corresponds to the EC2 domain, including crystallographic ions. b The structure simulated corresponds to the EC2 domain, without crystallographic ions. c These simulations consisted of 1000 steps of minimization, 100 ps of dynamics with the backbone of the protein restrained (k = 1 Kcal/mol/Å 2 ), and the remaining time as free dynamics. d These simulations consisted of 100 steps of minimization and the remaining time as free dynamics.
to the stacking, so that 25-30 repeats form a superheliin the tip link or polyankyrin domains in the transduction channel have elastic properties consistent with the cal structure with a complete turn as shown in Figure  1B Figure 1D . Multiple highly conserved amino acids are involved in stabilizing the has a stiffness very close to that of the gating spring. Moreover, forces just above the working range cause structure through hydrogen bonds within each repeat and between adjacent units (see Supplemental Data).
unpacking of helices to extend the protein by nearly 10-fold, which may serve as a safety release. We suggest The structure also features a conserved hydrophobic core formed by residues located in positions 6, 9, 10, that the ankyrin repeats of TRPA1 and TRPN1 serve as the gating spring for hair-cell mechanotransduction. 17, 18, 20, 21, and 22 (see Figure 1D and Figure S5) (Figure 2A we use simulations of several ankyrin systems. detached from the structure; followed by β strands D Twelve Ankyrin Repeats of Human Ankyrin-R and E (green); and finally β strands C, B, and A (tan, The elastic response of the largest crystal structure orange, and blue). The Ca 2+ ions were found to interact available of a stack of ankyrin repeats (1N11) to small with highly conserved residues that stabilize the strucforces was monitored through its end-to-end distance. ture, likely causing the observed force peaks. Indeed, A constant-force (100 pN) SMD simulation ( Figure 3A ; detachment of strands G and F required, besides the sim3d) revealed that the end-to-end distance increased breakage of hydrogen bonds among β strands, the rupfrom w86 Å up to w150 Å, a value that was rather stature of a bridge formed by residue Asp134, a Ca 2+ ion, ble over the last w2 ns of the simulation. The overall and residue Asp195 ( Figure 2D ). The detachment of β secondary structure of the protein did not change sigstrands D and E required the rupture of the bridge nificantly, but the curvature observed for the initial conformed by residue Glu119, a Ca 2+ ion, and residue formation of the 12-repeat stack did decrease during Asp180 ( Figure 2F tein. In particular, the natural twist of each repeat relative to the preceding one was increased during the stretch. Remarkably, the secondary structure of ankyrin seems to be compatible with such drastic changes. Unfolding or detachment of individual repeats was not observed in either case (25 pN or 50 pN).
The predicted spring constants for the 24-ankyrinrepeat structure are clearly smaller than for the 12-ankyrin-repeat structure. Although elongation through reduction of curvature was observed for both structures, the number of ankyrin repeats determined the stiffness of the stack: the larger the number of repeats, the softer the elastic response. Seventeen Ankyrin Repeats of mmTRPA1 The simulations described above indicate that a large stack of ankyrin repeats responds to small forces by changing its curvature. However, neither of the structures mentioned above corresponds to the polyankyrin domains in TRP channels that mediate mechanotransduction processes. Is the elastic response of ankyrin domains located in TRP channels the same as for human ankyrin-R? We studied the elastic response to small forces of a model of the 17 ankyrin repeats (MOD2) of mmTRPA1, recently suggested as part of the mechanotransduction apparatus in mammals (Corey et al., 2004) .
Following model building and equilibration (see Experimental Procedures), two constant-force SMD simulations ( Figure 5B ; sim7b and sim7c) were performed. During simulation sim7b, the protein model (MOD2) was stretched using a constant force of 25 pN. The endto-end distance increased from w117 Å to w186 Å. The elongation was caused both by changes in the curvature and by extension of loose loops at the ends of the structure. In order to isolate the effect of the latter, the distance between C α atoms of residues Pro5 and Phe579 was computed. In this case the mechanical model reproduced the elongation process accurately for a spring constant of k = 5.96 mN/m. In simulation sim7c, the protein was stretched with a constant force of 50 pN. The end-to-end distance behavior and the conformational changes were similar to the previous case ( Figures 5D and 5E ). The distance between C α atoms of residues Pro5 and Phe759 is reproduced by a mechanical model with k = 8.33 mN/m. The spring constant obtained for 50 pN is w40 % larger than for a represent results for models of an overdamped spring of negligible The initial (equilibrated), elongated, and final (relaxed) conformamass (see text and Table 2 ). The three proteins investigated, containing 12, 24, best matched the overall end-to-end distance involved a relaxation time τ = 0.815 ns, consistent with the model and 17 ankyrin repeats, all responded to small forces parameters for the simulation sim3d ( Figure 3B ; τ w by changing their curvature rather than by unfolding γ / k, see Table 2 ). To the best of our knowledge, this is their individual repeats. Sequences are not identical for one of the first studies where a reversible protein extenrepeats within one protein or between different prosion has been seen in a molecular dynamics simulation teins; thus, the elastic response to small forces may be (see also Li et al., 2001 ). a general property of polyankyrin domains.
Is the deformation induced by small forces also reversible for the 24-ankyrin-repeat structure? Two simuElastic Relaxation of Polyankyrin Domains lations of MOD1 were performed to answer this quesafter Stretch tion ( Figure 4E ; sim5d and sim5e). During the first Is the deformation of polyankyrin domains reversible? simulation (1.2 ns) the structure was stretched using a We performed multiple simulations where we explored constant force of 100 pN. Then, velocities of all atoms the reversibility of the deformation induced by small were randomly reinitialized and the system was equiliforces on 12-and 24-ankyrin-repeat structures. brated for 24.3 ns at T = 300 K with all constraints elimiTwo simulations ( Figure 3B; sim3b and sim3c) were nated. The end-to-end distance ( Figure 4E ) increased performed for the 12-ankyrin-repeat case. First, the from w112 Å to w193 Å and then decreased to structure 1N11 was stretched at constant velocity (v = w151 Å. The overall decrease of w42 Å is remarkable 0.1 Å/ps; sim 3b) for 0.75 ns. Then, velocities of all and in this case cannot be explained by movement of atoms in the system were randomly reinitialized and the loose ends. As for the 12-ankyrin-repeat structure, the system was permitted to relax without force applied for overall curvature of MOD1 was reduced during the con-5.25 ns at constant temperature (T = 300 K, all constant-force SMD simulation and then partially recovstraints eliminated; sim3c). The end-to-end distance of ered during the relaxation (Figures 4F-4H ). The twist of the protein increased from w86 Å to w161 Å with force one repeat with respect to the preceding one also applied, and then decreased to w117 Å with force reshowed an increase and subsequent recovery. Again, leased ( Figure 3B 
showed little recovery of its end-to-end distance, at
Response of Polyankyrin Domains to Large Forces The simulations mentioned above described the elastic least over 5 ns (data not shown). Perhaps the presence of extra residues (loops) and a more heterogeneous sebehavior of stacks of 12, 17, and 24 ankyrin repeats when stretched using relatively small forces. What is quence are responsible for this difference in elastic response.
the response of polyankyrin domains to larger forces? To answer this question, we stretched 1N11 with 12 (sim8d), and 300 pN (sim8e). Metastable lengths of w70 Å, 155-180 Å, and w270 Å were observed and ankyrin repeats, applying a 250 pN force ( Figure 3A ; sim4b). The structure showed a first stage of elongation suggest that multiple steps of 90-100 Å in the end-toend distance are expected to accompany sequential similar to that in the 100 pN simulation (sim3d), and then a second stage, in which unfolding and defragunfolding of individual repeats. The identification of intermediate states associated mentation of the structure occurred. During stage one the end-to-end distance increased from w86 Å to with unfolding of individual repeats in the constant-force simulations indicates that discernable force peaks may w162 Å; repeat 13 slightly detached from repeat 14, the overall structure decreased its curvature, and the loose appear in sufficiently slow constant-velocity stretches. Indeed, a constant-velocity SMD simulation ( Figure 6F ; loop at the end of repeat 24 became completely unfolded. The plateau in the end-to-end distance at sim8h, v = 0.01 Å/ps) clearly shows two force peaks (w350 pN) separated by w97 Å. The first force peak w162 Å marks the end of this stage ( Figure 3A) . During stage two, repeat 13 unfolded, extending the structure coincides with the separation of the last α helix from the stack ( Figure 6G ). Separation of the other α helix of to w260 Å. The end-to-end distance briefly plateaued, but then repeat 18 separated from repeat 19. The structhe last repeat and the unfolding of these two detached α helices follows at lower forces ( Figure 6H ). The secture actually broke at this point, and two separated stacks of ankyrin repeats were observed before further ond major force peak coincides with the separation of the second α helix of the third repeat ( Figure 6I ), again unfolding occurred ( Figure 3A) . The breakdown of the stack into two pieces seems to be compatible with profollowed by unfolding of the rest of the third repeat (Figure 6J) . The detailed analysis of the rupture of key hyteolytic maps that suggest the existence of four smaller domains of six ankyrin repeats each in the human androgen bonds and van der Waals contacts is discussed in the supplemental data, Tables S1 and S2 Table 1) enin strikingly resemble the overall curved architecture using the VMD plugin Solvate. The VMD plugin Autoionize was of ankyrin. Do they also perform a mechanical funcused to place counterions to neutralize systems in the case of simulations that employed periodic boundary conditions and the PME tion?
method (see below) for electrostatic forces. Residues Asp, Glu, Lys, and Arg were assumed to be charged throughout the proteins.
Experimental Procedures
The protonation state of His residues was chosen by favoring the formation of evident hydrogen bonds. Table 1 . Distances between periodic images of structure of EC2 will be referred to as 1L3W.
Simulated Systems
the protein were greater than 20 Å in all cases. The particle mesh The second structure derives from the largest crystallographic Ewald (PME) method was used to compute long-range electrostructure of ankyrin repeats available to date, the 12 repeats of static forces without cutoff in all simulations but one (sim6a). The human ankyrin-R (PDB code 1N11 [Michaely et al., 2002] ). The density of grid points for PME was at least 1/Å 3 in all cases. crystal structure contains repeats 13-24 of this protein along with An integration time step of 1 fs was used, permitting a multiple 11 residues from its spectrin binding domain. Table 1 ). The Langevin damping coeffiimproved for the present study by threading the primary sequence cient was set to 1 ps Figure 1D ) was performed. The themselves using Clustal X, 17 ankyrin repeats were identified and curve obtained from the interpolation and described by r(s) was included in a structural model (see Figure S4 ). The model was built then used to compute the radius of curvature R along the path based on three assumptions: (1) the three-dimensional structure of length s according to individual ankyrin repeats, highly conserved despite variations in sequence, can be used as a template for the model; (2) extra resi-1 R = |ṙ × r| |ṙ| 3 (2) dues according to the sequence alignment can be modeled as loops; and (3) all 17 repeats pack together in a single stack. Based on these assumptions, the primary sequence of the identified anwhere dots denote derivatives with respect to s. The third and final step consisted of averaging the values obtained along s to obtain kyrin repeats on TRPA1 was threaded onto repeats 8-24 of an equilibrated (sim3a, see below) configuration of MOD1. Residues an estimate of the overall curvature R. Mechanical models of a simple spring in a viscous environment missing according to the sequence alignment were eliminated from the structure. The threading procedure was followed as described were utilized to rationalize the end-to-end distances monitored in our stretching and relaxation simulations. The equation governing above, and extra residues were included as simple loops. The resulting structure was minimized in vacuo for 1000 steps. The prethe position y(t) = x(t) − x 0 of a mass m connected to a spring of constant k and rest length x 0 with damping coefficient γ used for dicted structure, for which uncertainties are large, will be referred to below as MOD2.
the mechanical model is 
